Introduction-Duchenne muscular dystrophy (DMD) is a relatively common inherited disorder caused by defective expression of the protein dystrophin. The most direct approach to treating this disease would be to restore dystrophin production in muscle. Recent progress has greatly increased the prospects for successful gene therapy of DMD, and here we summarize the most promising developments.
Introduction
Mutations in the 2.1 MB dystrophin gene lead to Duchenne and Becker muscular dystrophy (DMD/BMD). The disorder is inherited in an X-linked, recessive pattern and affects approximately one in 3,500-4,000 newborn males worldwide, making it the most common form of muscular dystrophy [1] . While DMD typically results from null-allele mutations that prevent expression of the dystrophin protein, BMD results from mutations that lower expression or that lead to accumulation of an internally truncated protein with reduced stability or functional capacity. Dystrophin deficiency leads to progressive skeletal muscle wasting accompanied by increased fatty and connective tissue, while cardiac muscle displays increasing fibrosis and a progressive dilated cardiomyopathy. Most DMD patients succumb to respiratory or cardiac failure in their 3 rd to 4 th decade of life. BMD has a later age of onset and slower progression [1] . The recessive nature and slow progression of DMD/BMD make them attractive candidates for gene therapies that could restore dystrophin production in affected tissues.
The frequency of DMD arises from a combination of the fact that female carriers are usually asymptomatic and that approximately one third of cases arise from a spontaneous new mutation [2] . Unless there is a family history of DMD, DNA testing for a mutation in the dystrophin gene (DMD in humans, Dmd in mice) is typically not performed in fetal or neonatal screens [3] . DNA testing will ultimately result after a suspected patient exhibits hallmark characteristics [4] . The first symptoms are usually noticeable at 2-4 years of age as the child exhibits difficulty developing at the same physical, and sometimes cognitive, pace as his peers. Approximately 60-65% of DMD and BMD mutations are deletions [5] . The majority of deletions are found non-randomly throughout middle exons of the gene, while most of the rest are found at the 5′ portion of the gene [6] . This distribution is seen throughout all tested populations and ethnic groups [7] . It is important to note that there is no clear correlation between the location/size of the deletion and the severity and progression of these two allelic disorders [8] . Mutations that disrupt the normal openreading frame of the dystrophin mRNA typically prevent expression of a functional protein, while in-frame deletions can yield stable truncated dystrophins with partial functionality, resulting in the milder BMD [5, 9] . One BMD patient with an in-frame deletion of exons 17-48 has captured much attention for remaining ambulatory into his 70s [10] . This patient was a source of inspiration for engineering mini-dystrophins being developed for gene therapy [11] . When DNA analysis is inconclusive, a muscle biopsy is generally the defining assay. Immunohistochemical staining will determine if any dystrophin is expressed and if it's properly localized at the sarcolemma, while western blot analysis will reveal the size of any dystrophin expressed [12] .
Gene replacement therapy for DMD/BMD

Structure and function of dystrophin in muscle
The design of gene therapies for DMD requires detailed knowledge of the structure and function of the dystrophin protein, which plays a critical role in protecting muscles cells from the forces developed during contraction. This protection derives from an intricate network of protein interactions at specialized sites on the muscle sarcolemma known as costameres. Dystrophin is required to nucleate the assembly of the dystrophin-glycoprotein complex (DGC) at costameres, which links the internal cytoskeleton to the extracellular matrix [13] . The DGC is the major structural component on the sarcolemma that mediates lateral and longitudinal transmission of force from the contractile apparatus to the ECM; it also helps maintain the alignment of sarcomeres in adjacent myofibers [14] . By dissipating the forces of contraction out of myofibers, dystrophin and the DGC protect muscles from contraction-induced injury and thereby help maintain the structural integrity the sarcolemma (Figure 1 ). Dystrophin restoration, or replacement via gene therapy, therefore requires generation of either a full-length or miniaturized protein able to reassemble the DGC and support a mechanically strong link between the ECM and the cytoskeleton. The DGC also serves as a docking platform for several signaling proteins that aid in maintaining normal muscle homeostasis during contraction [15, 16] .
Assembly of the complex is mediated by a variety of distinct structural domains in dystrophin. The major and longest dystrophin isoform, expressed in muscle cells and neurons, is roughly composed of 4 domains, an N-terminal actin-binding domain (ABD), a central rod domain, a cysteine-rich domain and a C-terminal domain [15] . The N-terminal ABD mediates a direct interaction with F-actin filaments in the subsarcolemmal cytoskeleton. The central rod domain contains 24 'spectrin-like' repeats interspersed with several proline-rich hinge domains. This rod domain is thought to confer flexibility and elasticity to dystrophin allowing it to function during muscle contraction [17] . The rod domain carries a second ABD and also mediates association with the sarcolemma, with the signaling protein neuronal nitric oxide synthase (nNOS) and with a variety of cytoskeletal proteins including microtubules and intermediate filaments [16, [18] [19] [20] . Other dystrophin cytoskeletal interactions are mediated by binding to keratin 19, ankyrin and plectin at the Nand C-terminal regions of dystrophin [16, 19, [21] [22] [23] . At the C-terminal end of the rod domain the final hinge joins to the cysteine-rich (CR) domain, and this hinge-CR region forms a binding pocket for the transmembrane protein β-dystroglycan (β-DG) [24] . β-DG binds α-dystroglycan (α-DG) outside the sarcolemma, which binds laminin, the major component of the basal lamina [25] [26] [27] . The interactions among the dystroglycans and with dystrophin are strengthened by interactions with the sarcoglycans (SGs), sarcospan (SPN) and α-dystrobrevin (α-DB) [28] [29] [30] [31] . The C-terminal domain of dystrophin binds both α-DB and the syntrophins (SYN). While α-DB shares homology with portions of dystrophin and may serve both structural and signaling roles, the syntrophins appear to play primarily signaling roles, in part by mediating the localization of nNOS to the DGC, although they can also localize sodium channels and/or aquaporin to the sarcolemma [32-36].
Genetic therapies for DMD/BMD
Numerous strategies are under development to restore dystrophin production in muscle. These include exon-skipping, protein upregulation, stem cell transplants and mutation suppression, which have been reviewed extensively elsewhere. Here we focus on dystrophin replacement strategies that aim to deliver novel, usually shortened but functional forms of dystrophin to muscle cells. Major challenges for gene replacement of DMD include the enormous size of the gene and protein and the need to deliver a replacement gene to muscles bodywide. While numerous vehicles have been tested for gene replacement, to date the most promising are shuttle vectors derived from adeno-associated virus (AAV). AAV vectors are capable of mediating systemic delivery of new genes to muscles bodywide, have been tested in numerous human clinical trials without serious adverse events and are capable of being prepared in large quantities. The major limitation for DMD is the limited cloning capacity of AAV vectors (approximately 5 KB), necessitating the use of miniaturized dystrophin expression cassettes. At high doses AAV vectors have the potential to elicit an immune response against either the AAV capsid or the encoded transgene. Thus, effective delivery strategies may require methods to attenuate this immune response [37, 38].
Adeno-associated virus: A vehicle for gene therapy
Adeno-associated virus (AAV) is a member of the parvovirus family and was originally discovered as a contaminant in adenovirus preparations [39] .Wild type AAV has a singlestranded DNA genome of 4.7 Kb that carry rep and cap genes needed for vector DNA replication and encapsidation, yet this parvovirus is unable to replicate without the assistance of a helper virus (e.g. adenovirus or herpes virus). The rep and cap genes are dispensable for transduction while the inverted terminal repeats (ITRs) that flank the viral genome are required for genome replication and packaging into the capsid [40] . AAV can be turned into a gene delivery vector by replacing the rep and cap genes with a therapeutic gene expression and encapsidating this recombinant genome. Additionally, AAV displays a very low frequency of integration into the host genome, reducing concerns related to insertional mutagenesis but precluding its utility for stable transduction of muscle stem cells [41-43].
Functional, truncated dystrophin isoforms can rescue dystrophic muscle
Several very mildly affected BMD patients have been found to express small dystrophins that arise from large, internal gene deletion mutations. These observations led to the design and testing of even smaller, so-called 'micro-dystrophins' that can be delivered using AAV vectors, as AAV has only a ~5 Kb cloning capacity [44] . While some micro-dystrophins display unacceptably low functional activity or stability, others are highly protective against muscle damage and support normal muscle morphology and near normal physiology in mouse and canine models of DMD [45] [46] [47] [48] [49] [50] . Several studies indicate that smaller dystrophins are functional even in the presence of other dystrophins, suggesting that they would work for gene therapy of BMD as well as DMD [51, 52] . A functional connection between the cytoskeletal actin filaments and the integral membrane protein β-dystroglycan is an essential feature of any dystrophin for both the stability of the protein and to provide mechanical function and enable assembly of the DGC. Truncation of the N-terminal actin-binding domain severely disrupts the stability and function of dystrophin [52] [53] [54] . However, the Cterminal domain has been found to be nonessential in mice and humans [55] . Truncation within the dystroglycan-binding domain completely ablated stable assembly of the DGC [53, 56, 57] . Analysis of various in-frame deletions in the rod domain revealed a high degree of functionality and stability even when the deletions removed several spectrin-like repeats (SRs) and internal hinges [58] . However, there is a correlation between the number of SRs and the degree of functionality in skeletal muscle. Dystrophins with less than four SRs exhibit minimal functionality, at best, while those with four or more exhibit varying degrees of functionality [58, 59] . The critical features of a functional micro-dystrophin are therefore an intact actin-binding domain, at least 4 of the 24 spectrin-like repeats and the dystroglycan-binding domain. Improved micro-dystrophins continue to be developed by selection of specific rod-domain sequences needed for maximal stability, elasticity and DGC restoration.
While the limited carrying capacity of the AAV vector system has driven research on microdystrophins, several studies have explored co-delivering of multiple AAV vectors that enable generation of a larger transcript in muscle cells following homologous recombination or vector concatamirization. This was first demonstrated by co-intravascular delivery of two AAV vectors with a small sequence overlap that directed homologous recombination in target tissues to generate an expression cassette of 7.3 KB encoding a highly functional "mini-dystrophin" [60] . Several groups expanded on this multi-vector approach by using three vectors to generate the full-length dystrophin cDNA in skeletal muscles of mdx mice [ 61, 62] . However, the efficiency of this triple vector event was drastically lower compared with the dual vector approaches to generate mini-dystrophins and is limited by several safety factors. First, the multiple vector genomes being delivered form concatamers that can encode aberrant proteins. Secondly, the method requires a doubling or tripling of vector doses needed for gene delivery, raising immunological concerns.
AAV delivery of micro-dystrophin for DMD gene therapy
Effective use of AAV vectors for systemic gene delivery requires infusion of high doses of vector, incorporation of functional expression cassettes that are expressed in striated muscles, and minimal activation of the immune system. A critical threshold concentration of vector particles is needed to achieve extravasation of the vector for systemic delivery via the vasculature [63] . While this precise dose in humans remains to be determined, it varies somewhat depending on which serotype of AAV is used as a source of capsid protein, the delivery route, the strength of the gene regulatory cassette used to drive dystrophin expression and the precise micro-dystrophin cDNA sequence. Animal studies using vectors derived from AAV serotypes 6, 8 and 9 suggest that doses in the range of 10 14 vector genomes per kg will be needed to achieve effective delivery [63] [64] [65] [66] [67] . Off-target effects, such as dystrophin expression in liver can be minimized by the use of muscle-specific regulatory cassettes (RCs) such as those derived from the MCK and desmin genes [68] . Enhanced gene expression on a per genome basis can be increased with stronger RCs and by the use of codon-optimized, and functionally enhanced cDNAs. Within the context of AAV delivery, RC optimization is currently focused on developing small, but powerful cassettes able to function in all muscle fiber types [69] .
Immune responses to AAV capsid and transgene
An important concern for gene replacement methods in patients relates to immunological reactions to the dystrophin-expressing vectors. Some patients display pre-existing neutralizing antibodies against various AAV serotypes, which can limit gene transfer efficiency. Patients could also develop a cytotoxic T-cell (CTL) mediated immune response against either the vector or the dystrophin protein following gene transfer that could lead to loss of transgene expression [37, 38] . The context of which vector type is used, the route of delivery, dose, and signaling responses from innate immune responses can all influence how a naïve T-cell responds to vector infusion ( Figure 2 ). This response can lead to differentiation into effector T cells able to promote or suppress inflammation and assist with CD8 + T cell, B cell and T-regulatory responses [70] . Although effector T cells canonically direct a humoral immune response to viruses, B cells can also influence naïve and effector T cells through antigen presentation or their signaling stimuli. B cells can carry out this task either alone or in conjunction with other surrounding stimuli [70, 71] . A multitude of preclinical and clinical studies are revealing various immunological scenarios that face AAV-mediated gene therapy (Figure 3 ).
The innate immune system has several sets of pathogen recognition receptors (PRRs). The complement system is a set of inactivated enzymes that circulate in the blood or serve as cell receptors awaiting activation by foreign antigens. AAV serotypes 1, 2, and 8 were found to bind complement and their receptors, allowing vector uptake by macrophages and result in innate signaling response and eventual humoral response [72] . Another set of PRRs is the Toll-like receptors (TLRs), which reside at the membrane or in endosomes. The endosomal TLR9 recognizes unmethylated cytosine guanine dinucleotide motifs that are prevalent in DNA originating from viruses or bacteria, but not in mammalian DNA. Current good manufacturing practices in AAV viral generation uses vector plasmids grown from bacterial cultures [73] , leaving an inherit risk of using unmethylated AAV vectors.
Unmethylated CpG AAV vector genomes have been recognized by TLR9 in conventional (bone marrow-derived) dendritic cells (cDCs) and plasmacytoid dendritic cells (pDCs), neutrophils, macrophages, and natural killer cells [74, 75] . TLR9 activation signaling is mediated through adaptor protein myeloid differentiation primary response 88, or MyD88, and leads to type I interferon (IFN-α/β) production. Although many cell types can produce these antiviral proteins, pDCs are a major source of IFN-α/β [76, 77] . The pDCs' increased responsiveness to TRL9-MyD88 signaling over cDCs [74] reinforces their active role in AAV immunity. This interferon response activates naïve CD8 + T cells for cross-priming, where extracellular antigens are presented to them. However, pDCs cannot present exogenous antigens to CD8 + T cells but can present endogenous antigens [78] . The ability of AAV to transfect pDCs [74, 79] can cause CpG-activation and enable them to prime functional CD8 + T cells, resulting in a CTL response. AAV capsid and transgene-specific responses by effector CD8 + cells has been reported in multiple animal models and in humans [37, 38, [79] [80] [81] [82] [83] [84] [85] [86] . Removing most CpG motifs in the vector genome between the inverted terminal repeats (ITRs) reduced CD8 + T cell response and production of interferongamma (INF-γ) [87] . However, CpGs were not removed from the ITRs, and it remains unknown if this removal will affect vector genome packaging and transduction.
Canonical generation of an effector CD8 + T cell involves a helper CD4 + T cell to activate, or license, the antigen presented to it by a third party antigen presenting cell. This process relies on co-stimulatory molecules expressed by the interacting cells, including CD40 and CD40 ligand (CD40L) [70, 71] . Dendritic cells transduced with AAV2 were unable to produce a CTL response when adoptively transferred into CD40L null mice [79] . CD8 + T cell responses to AAV serotypes 8 and rh32.33 were attenuated when CD4 + T cells were ablated [88] . Yet, initial responses of these two T cell populations to AAV, and viruses in general, are bidirectional and are further influenced by preceding stimuli from the innate immunity. CD8 + T cell priming can occur without CD4 + T cell help or CD40/CD40L interaction and instead rely on direct stimulation from DCs with type I interferons [89] . IFN-α/β, along with interleukin-12, can activate CD8 + T cells to produce IFN-γ [74, 90] . IFN-γ is one of the signature cytokines that drives naïve CD4 + T cells to become effector T helper type 1 (T H 1) cells, which are characterized by IFN-γ production [91] . This creates a feedforward mechanism to further commit other naïve CD4 + T cells towards the T H 1 subset. T H 1 cells create a pro-inflammatory response, activate macrophages, and influences what type of neutralizing antibodies B cells produce [70, 71] .
During viral infection, the spleen and lymph nodes develop sites called germinal centers where B cells can mature, switch immunoglobulin (Ig) isotype production, and become Igsecreting plasma cells [92] .
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Expert Opin Orphan Drugs. Author manuscript; available in PMC 2015 November 18. travel to the spleen and lymph nodes to aid in germinal center formation. Within these specialized structures, T H cells interact with B cells and influence their maturation and Ig class switching. Anti-viral antibody responses in mice are predominately IgG2a and are characteristic of a T H 1 cell-driven humoral response [93] . B cells producing IgG1 neutralizing antibodies are characteristic of a T H 2 cell response [91] . Murine neutralizing antibody responses to several AAV serotypes, including 1 and 2, are predominately of the IgG2 class when administered intramuscularly or intravenously [94] [95] [96] . However, humans intramuscularly administered AAV serotypes 1 or 2 had a prevalent IgG1 antibody response, although IgG2 as well as T cell-independent IgG3 antibodies also increased [97, 98] . The range in neutralizing antibody isotypes against AAV in both animal models and humans indicates that multiple T H cell subsets provide help to B cells. Intravascular administration is the most clinically feasible route of administration. Since the lymphoid system and circulatory system are intertwined, an immune response to both the AAV capsid and vector seems unavoidable unless precautions are taken to modulate the immune system.
All patients will likely develop B-and possibly T-cell immune responses against the vector that could preclude re-treatment unless steps are taken to prevent vaccination against the gene delivery vehicle. There is also evidence that the dystrophin protein (full-length or micro-dystrophin) can be recognized as a foreign antigen. This has been reported by a variety of experimental strategies including cell therapy transplantation studies [99, 100] , adenovirus vector [101] , and AAV vector delivery [37] . Fortunately, a variety of approaches can be taken either before or after gene transfer to limit or prevent such immune responses.
In the case of pre-existing immunity against AAV one might be able to select a vector serotype that is not neutralized by the patient's serum, as many different serotypes of AAV have been described. Another approach might be to use plasmaphoresis to reduce the levels of neutralizing antibodies prior to vector infusion [102] . In either case, successful gene transfer would expose the patient's immune system to the newly delivered vector and/or transgene, generating B-and T-cell responses that could limit the ability to readminister vector. Of greater immediate concern is the possibility of generating a CTL response that could destroy successfully transduced muscle cells. Such T-cell responses against vector and possibly transgene have been observed in several animal studies and in human clinical trials [37, 103, 104] . T-cell reactivity against the AAV vector has been successfully blocked or limited by transient immune suppression, by the use of muscle-restricted promoters and by high dose treatment with corticosteroids [68, 69, 103, 104] . However, the ability to block cellular and humoral immunity sufficiently to allow vector readministration years after the initial treatment may require blockade of CD4 and/or CD8 T-cell recognition of vector and transgene, and might be aided by activation of T-regulatory cells or by direct induction of tolerance against the transgene [105] [106] [107] [108] [109] . An alternate approach to avoiding an immune response against dystrophin would be to deliver a functional surrogate that would not be recognized as a foreign antigen, such as micro-utrophin [110] .
Expert opinion
Gene therapy for DMD/BMD is showing tremendous potential to halt dystrophic progression and restore or maintain muscle function and quality of life in patients. Of the various methods being developed for therapy, dystrophin replacement represents the most direct method to treat the cause of the disorder, which is due to lost or impaired dystrophin expression. AAV-vector mediated delivery of micro-dystrophin appears to be the most direct way to restore dystrophin expression in muscles, and could lead to a long-lasting treatment. The advantages of this system include an ability to deliver genes to skeletal and cardiac muscles bodywide, the ability of optimized micro-dystrophins to halt muscle degeneration and at least partially reverse pre-existing pathophysiological abnormalities, the safety profile of AAV vectors seen to date in human clinical trials, and the effectiveness of mini/micro-dystrophins even in the presence of exogenous, partially functional dystrophins (i.e. in BMD models) [51] .
Nonetheless, before this approach can be applied routinely it will be necessary to ensure that vectors can be delivered at high doses safely and efficiently without eliciting an immune response that could lead to loss of transgene expression. Further, since AAV vectors exist within cells as non-integrated episomes, delivery must be performed in such a way as to allow readministration years after the initial infusion, as vector copies will likely be lost due to normal muscle cell turnover. Normal skeletal myofibers turnover at a very slow rate, likely with a half-life of years, although exercise can cause muscle damage and lead to focal degeneration and regeneration. Cardiomyocytes appear much more long lasting than skeletal myofibers such that dystrophin expression might be longer lasting in the heart. While microdystrophins are highly functional, development of improved versions of these proteins would likely further increase the efficacy of AAV-mediated gene therapy. Also, current methods have not shown a high degree of smooth muscle targeting, leading to concerns that subtle smooth muscle pathologies could become more prominent in older, AAV-treated patients. The use of novel of engineered AAV vector serotypes could potentially be used to increase smooth muscle targeting, as well as might be a way to avoid neutralizing activity within patient serum. Recent results in animal models of DMD and in human trials for other genetic disorders suggest that all of these potential obstacles can be overcome and that gene therapy approaches may soon lead to an effective treatment for DMD/BMD and other forms of muscular dystrophy.
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